Abstract. The mode and tempo of forest compositional change during periods of rapid climate change, including the potential for the fire regime to produce nonlinear relationships between climate and vegetation, is a long-standing theme of forest ecological research. In the old conifer forests of the coastal Pacific Northwest, fire disturbances are sufficiently rare that their relation to climate and their ecological effects are poorly understood. We used a 14 700-year high-resolution sediment record from Yahoo Lake on the Olympic Peninsula, Washington, USA, to examine vegetation (landscape vegetation from pollen and local vegetation from macrofossils) and fire (landscape fire from total charcoal and local fire from charcoal peaks) in conjunction with independent records of climate. We hypothesized that the successional stage of the local forest will exhibit alternate stable states over a range of fire activity, that species turnover will increase abruptly above a certain level of fire activity and that both responses would be more gradual at the landscape scale than the local scale. Supporting these hypotheses, at the local scale, we found strong evidence for alternate stable states of late vs. early successional communities and inertia of species turnover to changing fire activity. At the landscape scale, vegetation responded more gradually to changing fire activity. From 14 700 to 7000 years ago, high landscape vegetation turnover occurred along with high landscape fire activity, especially during the warm summers of the early Holocene. In several instances, local species turned over completely following fire events but several centuries after climate change. In contrast, during the last 7000 years, the local forest composition was dominated by late-successional species with little species turnover, despite periods of moderate fire activity. We suggest that the relatively minor climate fluctuations of the past 7000 years were not sufficient to cause large-scale species turnover after fire. The Yahoo Lake fire and vegetation record of the early Holocene provides a model for dramatic ecosystem change following an anticipated shift to warmer summer temperatures.
INTRODUCTION
Vegetation responses to changing climate are extremely complex (Davis 1986 , Webb 1986 , and this complexity may be even more striking due to feedbacks between vegetation composition and the fire regime ). The fire regime, as it interacts with vegetation, can contribute to alternate stable states of vegetation composition (Knox and Clarke 2012) . A regime marked by severe disturbances recurring within the life spans of the dominant species should maintain a stable community marked by disturbance-adapted traits, such as occurs in lodgepole pine forests (Clements 1910) . In contrast, an infrequent disturbance regime should maintain a community of late-successional species, such as in old-growth forests with gap-scale canopy tree replacement (Lertzman et al. 1996) . In both cases, strong neighborhood effects, caused by the influence of the dominant trees on the seed rain, microclimate, and substrate, results in inertia in the response of species composition to fire and to climate (Frelich and Reich 1999) . Furthermore, positive feedbacks between vegetation structure and the disturbance regime may favor alternate stable states of young and old forest, for example, via fire-promoting or fire-resisting vegetation structures (Odion et al. 2010 , Kitzberger et al. 2012 . In forests of long-lived tree species, species turnover is rarely witnessed and thus little is known about the transient responses of forest change to changing disturbance regime and climate (Johnstone et al. 2010) . However, such a view can be obtained by employing a paleoecological approach that compares decadal (or better) resolution independent proxies of vegetation, climate, and disturbance (e.g., fire [Delcourt et al. 1983 , National Research Council 2005 , Gillson and Ekblom 2009 ).
The Pacific Northwest of North America (PNW) supports a diverse array of communities of large, longlived conifers that have a range of temperature and 3 E-mail: dgavin@uoregon.edumoisture requirements and possess a range of fire adaptations (Agee 1993) . Previous studies in the PNW have revealed coherent millennial-scale sequences of climate, vegetation, and fire (e.g., Whitlock 1992 , Bartlein et al. 1998 . In contrast, decadal and centennial-scale variability in climate, vegetation, and fire remains poorly understood, in part because broad ecological amplitudes of dominant tree species (or multiple species represented by a single pollen taxon) result in low sensitivity of the reconstructed vegetation to past climate change (Grigg and Whitlock 1998 , Brown and Hebda 2002 , Walsh et al. 2008 ). There remains, however, potential to reveal local-scale dynamics in the wettest forest types along the Pacific coast where most species are represented by unique pollen types and elevational forest zones are marked by distinct pollen and macrofossil assemblages (Dunwiddie 1987 , Gavin et al. 2005 , Lacourse 2009 ). These vegetation proxies, along with new fire-history methods based on sediment charcoal (Higuera et al. 2010a ) and a suite of regional paleoclimate proxies that have been developed over the past decade, create an ideal setting for examining vegetation-disturbance-climate interactions.
We present a 14 700-year vegetation and fire record from Yahoo Lake on the western Olympic Peninsula, Washington, USA. The indistinctly laminated sediments at this site contain abundant conifer needle macrofossils and a high-resolution charcoal stratigraphy. In conjunction with preexisting climate records, we are able to reconstruct the vegetation response to climate and fire at landscape (''landscape'' here refers to the pollen source area of several square kilometers [Sugita 1994] ) and local (stand-level sources for macrofossils [Dunwiddie 1987]) scales. We use this rich paleoecological record to evaluate two broad hypotheses drawn from the ecological literature.
First, the successional stage of the forest will exhibit alternate stable states over a range of fire activity at the local scale (Fig. 1A ), but less so at the landscape scale (Fig. 1B) . Alternate stable states are predicted due to strong neighborhood effects (from propagule pressure and microsites created by parent trees) that favor maintaining late-or early-successional dominated communities (Frelich and Reich 1999) . In contrast, vegetation in large landscapes is likely to be more closely in equilibrium with the disturbance regime compared to any single stand due to spatial averaging of species responses within many disturbance patches (Turner et al. 1993) . We use ''fire activity'' here to indicate the general importance of fire on tree mortality. Thus, this term refers to a combination of fire severity and frequency. This hypothesis also assumes that the successional role of the species did not change over time, which we believe is reasonable considering that nearly all species were present at the site over the length of the record and that successional role is determined largely by life-history traits, such as shade tolerance and maximum growth rate, that are unlikely to change appreciably over millennia (Davis and Shaw 2001) .
Second, the community rate of change (species turnover) will increase abruptly above a certain level of fire activity at the local scale (Fig. 1C) , but increase more gradually with increasing fire activity at the landscape scale (Fig. 1D ). This hypothesis follows from the first hypothesis if we expect the highest species turnover to occur at the level of fire activity that results in frequent switching between early-and late-successional dominance, and if we expect that landscapes respond to a changing fire regime with less inertial lag than individual stands due to the spatial averaging of species responses described above. The hypothesis is also in accordance with the intermediate disturbance hypothesis and is supported by chronosequence studies (Connell 1978 , Wardle et al. 2008 .
Motivated by the importance of interactions of fire and climate on vegetation change and the prospects of future climate change, we took advantage of the availability of independent climate records to investigate the role of fire in modulating forest responses to climate FIG. 1. Conceptual drawings of the two hypotheses tested in this study. First, the percentage of the local community composed of late-successional species is hypothesized to exhibit (A) two stable states over a range of fire activity due to neighborhood effects on forest regeneration, but (B) this is not evident at the landscape scale because of spatial averaging across many disturbance patches. The dashed portion of the curves represents the upper range of fire activity that may not have occurred at the study site during the postglacial period. Second, the community rate of change (species turnover) is hypothesized to be (C) insensitive at low fire activity but greatest at moderate fire activity due to switching between early and late-successional communities. (D) At the landscape scale, this relationship is hypothesized to be more sensitive to a range of fire severities due to spatial averaging of disturbance effects at the scale of multiple stands.
change. Therefore, we examined the relationships for the above hypotheses in the context of changing climatic means and variability. In addition, we also examined forest successional pathways following specific fire events in relation to the reconstructed climate.
METHODS

Site description
Yahoo Lake is perched on a ridge top in the western Olympic Mountains (710 m above sea level, 47841 0 N, 124801 0 W; Fig. 2 ). The lake is small (3.7 ha), has a catchment of only 9.6 ha, and has no inflowing streams. Although the valleys on either side of Yahoo Lake were unglaciated, a small cirque glacier likely formed the lake basin during the Fraser Glaciation (21 000-14 000 years BP). A large valley glacier in the Queets River basin extended to within 5 km of Yahoo Lake at least two times between .60 000 and 30 000 years BP (Thackray 2001) .
Yahoo Lake is located within the Pacific Silver Fir forest zone, a forest type of middle elevations that extends to as low as 250 m above sea level in the wettest portions of the Olympic Peninsula where Yahoo Lake is located ). Field reconnaissance indicates considerable variation in forest composition of old-growth stands within the watershed. North-facing slopes are dominated by Abies amabilis (Pacific silver fir) and Tsuga heterophylla (western hemlock), while Thuja plicata (western redcedar) is limited to flat areas or south aspects. The lake is near the upper elevation limits of Tsuga heterophylla and Thuja plicata. Species occurring very infrequently include Pseudotsuga menziesii (Douglas-fir) on a south-facing hillslope and Picea sitchensis (Sitka spruce) on the lakeshore. The western half of the watershed was logged in the 1980s. In general, the dominance of shade-tolerant canopy trees in the remaining old-growth forest suggests centuries of minimal disturbance and infrequent canopy gaps from the deaths of old individual trees (.350 years for nearly all trees aged in exploratory coring; Parish and Antos 2006) .
The western Olympic Peninsula experiences a hypermaritime climate. While no climate stations exist near Yahoo Lake, modeled gridded climate data (400-m resolution; Daly et al. 2002) indicate a January and July mean temperature of 2.38C and 15.78C, respectively, and over 100 mm of precipitation each month except July and August (;70 mm each), for an annual total of 3600 mm. The site is in the lower portion of the zone of accumulating snow where the spring snow pack, an important control of vegetation, is variable between years (Woodward 1998) . Summer fuel moisture is seldom conducive to fire (Pickford et al. 1980 ).
Field and laboratory methods
A 428 cm long, 5 cm diameter sediment core was recovered in 1993 using a modified Livingstone piston corer (Wright et al. 1984) from rafts anchored over the deepest part of the lake (18 m). Core sections were extruded, described, and wrapped in the field. A clear acrylic tube sampled the top 30 cm of soft sediments, which were extruded into plastic bags at 2-cm intervals. All sediments were stored at 48C in the laboratory. Age control is based on five accelerator mass spectrometry radiocarbon dates on identifiable conifer needles or woody twigs at depths corresponding to abrupt changes in pollen assemblages and on the Mazama tephra (Zdanowicz et al. 1999) . Radiocarbon dates were calibrated to calendar years (hereafter referred to in units of thousands of years before 1950 AD [kyr BP]) using the INTCAL09 calibration curve (Reimer et al. 2009 ). The age-depth relationship was calculated using a cubic spline (Blaauw 2010 ) were computed for the organic and inorganic components using bulk density, loss on ignition, and the sedimentation rate determined from the age-depth curve.
Pollen analysis was conducted on 50 1-cm 3 samples following standard methods (Faegri and Iversen 2000) with the addition of a 7-lm sieve step for basal samples with high clay content (Cwynar et al. 1979) . Alnus viridis subsp. sinuata and Alnus rubra pollen were separated based on pore morphology (Sugita 1990 ). Pollen percentages were based on a sum of at least 350 terrestrial pollen grains. Herbaceous pollen types other than Poaceae and Cyperaceae were lumped into an ''other herbs'' category, which mostly represented Polygonum bistortoides, Ranunculaceae, Thalictrum, and Asteraceae. Two major axes of variation in pollen assemblages were described by nonmetric multidimensional scaling (MDS) using the Bray-Curtis dissimilarity index on the 17 most abundant pollen types (Faith et al. 1987) .
Plant macrofossils and charcoal were analyzed in 5-cm 3 subsamples taken contiguously at 1-cm intervals. Sediment subsamples were washed through 1180-and 150-lm sieves. The .1180 lm fraction was saved for macrofossil identification. The 150-1180 lm fraction was treated with a 5% KOH solution at 408C for 20 minutes and then washed through 500-and 150-lm sieves with a gentle flow of water. The 150-500 lm fraction was saved for charcoal analysis. Plant macrofossils and charcoal particles were tallied under 20-703 magnification. Macrofossils were identified using published keys for conifer foliage (Dunwiddie 1985) and a reference collection at the University of Washington. Needle fragments were combined and expressed as needle equivalents and Thuja branchlets were tallied individually following Dunwiddie (1987) .
Charcoal was expressed as an accumulation rate (CHAR; piecesÁcm À2 Áyr À1 ). We used recently improved methods to identify statistically significant peaks in the charcoal stratigraphy (Higuera et al. 2010a) . CHAR was interpolated to 20-year intervals because this value was close to the best sample resolution within the record. While other studies recommend interpolating to the median resolution within a record (e.g., Higuera et al. 2010a) , we found that sedimentation rate was poorly correlated with the interpreted fire history and we therefore could minimize loss of information without introducing artifacts due to sedimentation processes. We removed the long-term trend in CHAR using a 2000-year locally weighted regression and then modeled the residual values as a mixture of two Gaussian distributions in which the lower distribution describes noiserelated variability (Gavin et al. 2006) . This model was run for the 2000 years surrounding each 20-year interpolated CHAR value and thresholds for peak identification were placed on the 95th, 99th, and 99.9th percentiles of the lower distribution. We chose the 99th percentile for additional analyses because lower thresholds included statistically insignificant peaks (i.e., pieces per sample not significantly greater in the peak than before the peak) and higher thresholds missed some large peaks in the early Holocene. We emphasize that this record is an estimate of minimum fire activity and small fires were likely not detected.
Independent paleoenvironmental proxies
Fire and vegetation records at Yahoo Lake were compared to five types of paleoenvironmental proxies selected based on their robustness in terms of their radiocarbon chronologies, sample resolution (,100 years), straightforward climatic interpretation, and replicability among multiple sites. First, a summer temperature reconstruction was developed by compositing chironomid-inferred July temperatures from four sites in southern British Columbia (Palmer et al. 2002 , Rosenberg et al. 2004 , Chase et al. 2008 . Each sample of chironomid-inferred temperature was expressed as an anomaly to a site-specific 0-2 kyr base period, and the composite temperature curve was fit using a 150-year locally weighted (loess) regression (Gavin et al. 2011 ). Second, a continuous index of glacier advances was based on the first principal component of the loss on ignition (LOI) from sediment records of four glacial-fed lakes in southwest British Columbia (Menounos et al. 2009 ). This measure indicates the clastic component of lake sediments, which increases during periods of glacial advance. Other dates of glacial advances come from Heine (1998) and Menounos et al. (2009) . Third, a welldated, high-resolution, and temperature-sensitive speleothem d
18 O record from Oregon Caves National Monument spans the period 9-13 kyr ago (Vacco et al. 2005) . Fourth, a sea-surface temperature record, inferred from an alkenone-saturation proxy, comes from a core near northern California (Barron et al. 2003) . While the speleothem and sea-surface temperature records are 630 km south of Yahoo Lake, a more proximal sea-surface temperature record shows a very similar history but is of lower resolution through the Holocene (Kienast and McKay 2001) . Last, a study of the development of strath terraces (terraces underlain by bedrock that correspond to periods of lateral channel migration and negligible vertical incision) downstream of Yahoo Lake provides evidence of changing stream morphology (Wegmann and Pazzaglia 2002) . A set of 32 radiocarbon dates were obtained by Wegmann and Pazzaglia (2002) directly overlaying strath terraces on the Clearwater River west of Yahoo Lake. These dates indicate periods of high stream discharge when streams are transporting significant amounts of sediments from the hillslopes.
Assessment of community rate of change
We calculated the percentage of late-successional species tallied in each macrofossil and pollen sample. We considered early-successional species to be Alnus rubra, Alnus viridis, Picea sitchensis, Pinus, Pseudotsuga, and Pteridium and late-successional species to be Abies amabilis, Tsuga heterophylla, Tsuga mertensiana, and Thuja plicata. Pollen percentage data were first squareroot transformed before calculating the percentage of late-successional species.
We calculated the rate of species compositional change (community rate of change, or temporal betadiversity) for the macrofossil and pollen data. Macrofossil rate-of-change was calculated by pooling data in 100-year windows preceding and following each 1-cm sample. If both pooled samples contained more than two needle equivalents or more than two taxa, then the compositional change was calculated using the BrayCurtis dissimilarity index between the macrofossil assemblages (expressed as percentages) in each pooled sample. The pollen rate of change was determined by the Euclidean distance of the MDS scores between consecutive pollen samples divided by the time period between the samples.
We qualitatively evaluated our two hypotheses by visually comparing graphed data to predictions of hypotheses as shown in Fig. 1 . Using the sediment record, we plotted the percentage of late-successional species and the community rate of change vs. fire activity at both local and landscape scales. Because paleoecological records cannot easily reconstruct fire intensity (energy output) or severity (canopy mortality) we were forced to use related variables. Local fire activity was expressed by the fire interval (time between identified charcoal peaks), which represent fires at scales of hundreds of meters (Whitlock and Larsen 2001 , Gavin et al. 2003b , Higuera et al. 2010b ). Landscape fire activity was estimated by the mean charcoal accumulation rate, which represents biomass burning at scales of .10 km (Higuera et al. 2010b ). Ideally, we would be able to gauge the spatial scale at which Yahoo Lake charcoal is most sensitive by comparisons with additional sites and calibration with known fire events. The limited data available from soil charcoal dates in the region and from a slash fire adjacent to the lake support this interpretation (see Results). For the first hypothesis, , and 50th percentile ranges of the elevational ranges of each vegetation zone. Note that these zones are defined by the successional climax species, and the elevational range of a species may extend to elevations beyond its zone. (C) Shaded-relief map of the potential natural vegetation zones in the region surrounding Yahoo Lake . Sites S, Y, and K are soil charcoal radiocarbon date sites from hillslope colluvial hollows (Reneau et al. 1989) . (D) Yahoo Lake and its catchment (shaded area). Pie charts show the relative tree basal area from 10 canopy trees surveyed at points spaced 50 m apart around the lake. the mean percentage of late-successional species of macrofossils (or pollen) was plotted against mean fire interval (or mean landscape fire activity). For the second hypothesis, the mean community rate-of-change of macrofossils (or pollen) was plotted against the mean fire interval (or the mean landscape fire activity). In each plot, data were averaged within 200-yr bins so that longer-term relationships were summarized and the record was more equally represented over time.
To investigate the presence of thresholds in the relationship between fire activity and vegetation (successional stage or rate of change), we applied segmented linear regression models to each of the scatterplots. We fit several forms of segmented models: simple linear regression, a combination of sloping and horizontal lines (either continuous across the change point or with a step-change at the change point), two sloping lines (either continuous or broken), or two horizontal lines (SegReg software [available online]; Oosterbaan 1994) 5 . The chosen model was based on the total variance explained, the significance of the breakpoint parameter, and the significance of the slope parameter of each linear segment. We did not explore more complex methods of segmented regression (Beckage et al. 2007 ) because we found the flexibility of the SegReg method to adequately describe the general form of the relationship. We also explored the sensitivity of the results to coarser bin sizes by fitting segmented regression models to data calculated using 400, 600, 800, and 1000-yr bins.
RESULTS
Core stratigraphy and chronology
The sediment core consisted of light gray clay and silt alternating with lighter brown organic material and silt (348-428 cm depth) and indistinctly laminated gyttja (0-348 cm depth; Fig. 3 ). Loss on ignition was 5% within the two silt/clay portions of the core (348-365 cm and 408-428 cm depth), but then rose abruptly to 50% at 348 cm depth. Above the Mazama tephra at 230 cm depth, LOI increased to 70%. The five radiocarbon dates and the Mazama tephra revealed a slow sedimentation rate at the bottom of the core (0.023 cm/yr), increasing to a peak of 0.045 cm/yr before the Mazama tephra and then decreasing to 0.03 cm/yr (Table 1) . Extrapolation below the lowest radiocarbon date (408 cm depth) assigns ca. 14.7 kyr to the base of the core (428 cm depth). The 2r error resulting from radiocarbon calibration and curve fitting averaged 6200 yr but was as high as 6350 yr in the deepest 1 m of sediment.
Fire history from charcoal stratigraphy
The charcoal record revealed distinct peaks that were generally insensitive to the location of the threshold (Fig. 4) . Charcoal peak identification by the Gaussian mixture model revealed a population of peak values statistically larger than a population of ''noise'' values (i.e., the signal-to-noise index of Kelly et al. [2011] ranged from 4 to 6 over the entire record). Very low CHAR before 14 kyr increased abruptly by 13.7 kyr (exact timing is obscured by a 0.3-kyr gap in the charcoal stratigraphy). During the late glacial period (14.5-11.6 kyr) and the early Holocene (11.6-9 kyr) there were several periods of frequent fire (.13.2 kyr, 12.9-12.0 kyr, 11.6-11.1 kyr, 10.0-9.1 kyr), each of which consisted of up to six large CHAR peaks that suggest the fires were large and likely close to the lake (Gavin et al. 2003b ). Peak frequencies varied from 2 to 4.5 peaks per 1000 yr before 9 kyr, then declined at 8 kyr and 6.3 kyr to periods of long fire intervals (.1000 yr) and distinctly smaller peak magnitudes. CHAR peak magnitudes increased at 2.5 kyr to moderate values. However, no peaks occurred during the last 800 yr except for a peak near the core top that is consistent with recent logging-slash burning within the watershed.
Corroboration of the interpreted charcoal stratigraphy is available from a set of 21 soil-charcoal radiocarbon dates from three sites in the region, including one set of three soil profiles 0.35 km from Yahoo Lake ( Fig. 2 ; Reneau et al. 1989 ). The aim of Reneau et al. (1989) was to determine the accumulation rate of soil in colluvial hollows. Thus, charcoal was obtained low in the soil profiles, biasing dates to early in the history of soil accumulation. Summed probability distributions of these calibrated radiocarbon dates correspond closely with the early Holocene fire period at Yahoo Lake (Fig. 4) . Considering that soil-charcoal radiocarbon ages may be 200-600 years older than the fire event in this forest type (due to age of wood at the time of burning), all soil charcoal dates from the Yahoo soil sites had potential matches in the sediment record (Gavin 2001) . We note that the strong coherence of charcoal dates among the three soil sites in Reneau et al. (1989) , with dates clustering to four periods during the early to middle Holocene, suggests that fire occurrence across the landscape is sensitive to climatic forcing (Gavin et al. 2006) . The soil charcoal dates are also consistent with the interpretation that average charcoal influx at Yahoo Lake represents landscape fire activity, though more calibration of landscape-level burning would be desirable.
Pollen and macrofossil record
During the late glacial period, before 14 kyr, pollen assemblages were dominated by herb (typical values: Poaceae 30%, Artemisia 20%, Cyperaceae 10%) and tree (Pinus 20-50%, Tsuga mertensiana 15-20%, Picea 2-20%) taxa, and a consistent presence of minor herb types (e.g., Asteraceae, Polygonum bistortum type, and Thalictrum; Fig. 5 ). Pollen accumulation rates were very low (1000 grainsÁcm À2 Áyr À1 ) and the sediments were highly inorganic and contained no macrofossils and almost no charcoal.
By 13.7 kyr, there was a change from herbaceous pollen types to tree taxa, including an increase in Picea 5 www.waterlog.info pollen to over 40% and the initial rise of Alnus viridis (15%) followed shortly by Tsuga heterophylla. Pollen accumulation rates also increased to 15 000 grainsÁcm À2 Áyr À1 . Macrofossils indicated the local cooccurrence of Tsuga mertensiana, Picea sitchensis, and Abies amabilis. This pollen assemblage persisted with increasing Tsuga heterophylla (to 25%) until 12.1 kyr, when Pseudotsuga menziesii and Alnus rubra pollen began to increase. An absence of macrofossils occurred from 12.5 to 11.6 kyr. At 11.6 kyr, following a large charcoal peak, Alnus rubra and Pseudotsuga menziesii pollen increased to .50% and 15%, respectively.
During the early Holocene (11.6-8.5 kyr), the macrofossil and pollen data reveal several rapid species turnovers associated with charcoal peaks. After a charcoal peak at 11.2 kyr, macrofossils of Abies amabilis abruptly disappeared, followed by the first presence of Pseudotsuga menziesii macrofossils. Also at this time Abies, Pinus, Tsuga mertensiana, and Alnus viridis pollen abruptly disappeared. At 10.8 kyr, another charcoal FIG. 3 . Yahoo Lake core stratigraphy, age-depth relationship and inferred sedimentation rate, and loss on ignition (LOI, at 5508C). The radiocarbon ages are plotted as reduced probability distributions (small histograms along the diagonal) from the calibrated dates. The 95% confidence intervals of the age-depth relationship (gray area) were calculated from 1000 permutations of smoothing spline fits to randomly selected dates from the calibrated probability distributions using the CLAM routine (Blaauw 2010) . The open circle and dotted line leading to the heavy bar in the age-depth panel represents the Mazama tephra. Sedimentation rate is shown by the solid curve. Values are medians with 2r range in parentheses.
peak coincided with a switch from Pseudotsuga menziesii to Picea sitchensis macrofossils. Picea sitchensis and Tsuga heterophylla macrofossils persisted in combination with low CHAR (no identified peaks) until 10 kyr. At 10 kyr, a sequence of large charcoal peaks began and Pseudotsuga menziesii macrofossils and Pteridium pollen (to 20%) increased. The last large charcoal peak at 9.2 kyr was immediately followed by a rapid increase in Tsuga heterophylla (to 40%) and a loss of Alnus rubra (to 30%) pollen. At 8.8 kyr, a smaller, double, charcoal peak was followed by increased Pseudotsuga menziesii and Tsuga heterophylla macrofossils and the reappearance of Abies amabilis pollen and macrofossils. Arceuthobium, a conifer parasite, occurred at low percentages and roughly tracked the pollen percentage of Pseudotsuga menziesii from 11 to 7.5 kyr. After 8.5 kyr, the vegetation dynamics at Yahoo Lake changed from rapid turnover to slower progressive changes. In addition, charcoal peak magnitudes were less than 20% of the early-Holocene peaks. Modern pollen assemblages were reached by ;7 kyr after a progressive loss of Alnus rubra and Pseudotsuga pollen and the first marked increase of Cupressaceae pollen (representing Thuja plicata based on the first detection of Thuja plicata macrofossils at 8.5 kyr). Beginning at 4.1 kyr, macrofossils of all the major tree taxa present at the Threshold curves for identifying significant peaks area placed at three levels (95th, 99th, and 99.9th percentiles of the modeled noise distribution). Peak analysis was limited to the samples above a sampling gap from 13.7 kyr to 13.9 kyr. (C) Peaks derived from each of the three thresholds. The 99th percentile (solid circles) was chosen for further analysis. (D) Peak magnitude (horizontal lines) and fire frequency smoothed in a 1000-year moving window. (E) Summed calibrated probability distributions (using INTCAL09) from 21 soil charcoal dates from sites shown in Fig. 1 (Reneau et al. 1989) . (F) Median calibrated ages of the dates in panel (E).
site today (Abies amabilis, Thuja plicata and Tsuga heterophylla) showed a marked increase. After an increase in charcoal peaks at 2.5 kyr, these macrofossils became more sporadic.
For the entire pollen record, the nonmetric multidimensional scaling produced two independently varying axes of variation. Axis 1 scores followed the transition from the late-glacial period (Pinus, Tsuga mertensiana, Alnus sinuata) to the dominance by Tsuga heterophylla during the Holocene, while axis 2 scores followed those taxa that had peak abundances in the early Holocene (Pseudotsuga, Alnus, and Pteridium; Fig. 5 ).
Paleoenvironmental reconstructions
The regional climate proxies in conjunction with the Yahoo Lake record present a coherent centennial-tomillennial-scale climate history, marked by greater climatic variability during the late-glacial and earlyHolocene periods and cooler and less variable climate during the middle and late Holocene (Fig. 6 ). The record begins at 14.5 kyr during a period of high inorganic matter influx. As temperatures increased at ;14 kyr, a rapid increase of pollen accumulation, a rapid decrease of minerogenic sediment, and a high charcoal influx indicated a change from meadow to continuous forest that occasionally experienced fire. This period of initial forest establishment coincided with the McNeely I glacial advance on Mount Rainier aged to before 13.2 kyr (Heine 1998 ) and the final Sumas advance in southeastern British Columbia aged to 13.7-13.2 kyr (Pellatt et al. 2002 , Easterbrook 2004 . Heine (1998) suggested that the glacial advance was in response to increased moisture rather than decreased temperature, which is consistent with the increased Picea pollen at Yahoo Lake (Fig. 6) .
The Younger Dryas Chronozone (12.9-11.6 kyr) began with increased fire and reduced macrofossil input, shortly followed by a large increase in inorganic sediment flux and reduced pollen accumulation rates. Other pollen records have failed to detect major cooling at this time except for an increase in Pinus suggesting a cooling late during this period (Grigg and Whitlock 1998, Pellatt et al. 2002) . The lack of well-dated glacial moraines suggests dry conditions inhibited glacial growth (Heine 1998 ). However, moisture at specific microsites was sufficient to maintain Alnus viridis habitat in places such as moist slopes and avalanche tracks. A synthesis of chironomid-inferred temperature from southern British Columbia (Fig. 6) showed a temperature anomaly of À2.58C relative to present, though data are sparse. Sea-surface temperature reconstructions from the northeast Pacific are consistent with a rapid 5-68C cooling relative to present (Barron et al. 2003) , and a well-dated speleothem d
18 O record in southern Oregon indicates the cooling coincides very closely with the Younger Dryas Chronozone (YDC; Vacco et al. 2005) .
At the end of the YDC and the beginning of the early Holocene, temperatures rapidly increased to 38C above present as inferred from several proxies (Fig. 6) . Collectively, the climate proxies suggest that the early Holocene was not uniformly warm, but rather marked by a distinct departure from warm and dry conditions at 11-10 kyr. This period (11-10 kyr) coincides with the McNeeley 2 glacial advance at Mount Rainier (Heine 1998) , which has been viewed as controversial based on the radiocarbon chronology at Mount Rainier, lack of corroborating evidence, and the abundant evidence of warm and dry climate during the early Holocene in general (Reasoner et al. 2001 ). The speleothem d
18 O and alkenone SST records also indicate moderated temperatures from 11 to 10 kyr (Fig. 6 ). This period coincides with a distinct period of Picea sitchensis macrofossils and an absence of local fire at Yahoo Lake, though these local-scale patterns are not evident in the pollen record. We suggest the possibility that Picea sitchensis at Yahoo Lake was favored by moderated summer temperature, increased fog and/or increased summer rainfall. Such conditions may have been sufficient to promote glacial growth at higher elevation, in agreement with the climatic interpretation of Heine (1998) for the cause of the McNeeley 2 glacial advance. Alternatively, the high insolation of the early Holocene resulted in increased onshore flow and fog, which may have been limited to only the coastal belt (Briles et al. 2011) .
All climate proxies indicate a transition toward cooler and wetter climate from 8 to 4 kyr. The LOI index indicates increased production of glacial silts in parallel with a decline in chironomid-inferred temperatures. Cooler conditions at 4.2 kyr are evident in the temperature reconstruction and as a regional glacial advance (Menounos et al. 2008) .
The Holocene climate and fire fluctuations were possibly large enough to cause geomorphic changes in the river systems. Strath terraces on the Clearwater River downstream of Yahoo Lake have been dated to three episodes during the middle and late Holocene (Wegmann and Pazzaglia 2002) . Although many geomorphic explanations exist for the dates on strath terrace alluvium, Wegmann and Pazzaglia (2002) suggest strath terraces date to times of increased sediment flux from hillslopes that exceeds transport capacity in channels, whereas periods between the strath dates are associated with times of predominantly vertical fluvial incision (Bull 1991) . When compared with the fire history and macrofossil record from Yahoo Lake (Fig.  6) , periods of strath terraces correspond to periods of increased fire (10-8 kyr, 7-4.5 kyr, and 2.5-0.5 kyr), and the intervening periods correspond to the coolest (glacial advance; Fig. 6 ) periods (e.g., 4.2-3.5 kyr). Concordant with the explanation for strath terrace formation, and assuming that millennial-scale trends in fire at Yahoo Lake were occurring elsewhere in the headwaters of the Clearwater River, fires and reduced forest cover would increase sediment production and possibly peak dis-charge from hillslopes (Swanson 1981, Jackson and Roering 2009 ).
Hypotheses of local and landscape vegetation change
The first hypothesis, that the local forest will exhibit alternate stable states over a range of fire activity (Fig.  1A) and the landscape forests less so (Fig. 1B) , was supported. The segmented regression of the percentage of late-successional species of macrofossils as a function of fire interval identified two coarse groups described by two horizontal lines (Fig. 7A) . Above the breakpoint at a 370-yr fire interval, late-successional species averaged 70% of the macrofossil assemblage mainly corresponded to the late Holocene while below the breakpoint, latesuccessional species averaged 32% and mainly corresponded to the late-glacial and early-Holocene periods. A wide range of successional stages existed in the range of 200-500 yr fire intervals, indicating two relatively stable states of local forest composition (Fig. 7A) . In contrast, the percentages of late-successional species of pollen declined linearly from 70% to 35% with increasing landscape fire activity, and then was horizontal at high levels of landscape fire activity (.0.4 piecesÁcm À2 Áyr À1 ; Fig. 7B ). There was much variability in successional state (20-50%) at higher levels of landscape fire activity. The second hypothesis, that the community rate of change (species turnover) will increase abruptly above a certain level of fire activity at the local scale (Fig. 1C) but increase more gradually at the landscape scale (Fig.   1D ), was also supported. The segmented regression model at the local scale (Fig. 7C) identified a threshold fire interval of 300 yr above which (mainly late Holocene) the community rate of change did not change as a function of fire interval, and below which the community rate of change almost tripled in magnitude (mainly late-glacial and early-Holocene periods). Two binned samples suggest reduced rate of change at the shorted fire intervals (,100 yr). In contrast, the best-fit model at the landscape scale revealed a positive linear relationship between landscape fire activity and the 6 . Indicators of environmental change at Yahoo Lake (top panel) compared to regional paleoenvironmental proxies (bottom panel). Macrofossil turnover is defined by the Bray-Curtis dissimilarity index calculated on macrofossil assemblages pooled in window sizes of 100 years before and after each sample. The smoothed lines are fit using a locally weighted averaging in 200-year (thin line) or 1000-year (thick line) moving windows. Pollen rate of change is the Euclidean distance between MDS scores of consecutive pollen samples. The strath terrace dates are a summary of a set of 32 radiocarbon dates directly overlaying strath terraces on the Clearwater River west of Yahoo Lake (Wegmann and Pazzaglia 2002) . The chironomid-inferred July temperature community rate of change (Fig. 7D) . This relationship shows the period after 7.2 kyr was marked by uniformly low fire activity and low community rate of change at the landscape scale, while higher but considerably variable rates of change and fire activity exist at other times. For both hypotheses, these results were fairly insensitive to the choice of bin size used in the analysis. Similar relationships were found for coarser bin sizes (from 400 to 1000 yr; see Appendix).
DISCUSSION
The Yahoo Lake record confirms the millennial-scale sequence of vegetation change previously described at lower elevations on the western Olympic Peninsula (Heusser 1974 (Heusser , 1977 , and the sequence of fire and vegetation from wet forests elsewhere in the Pacific Northwest (Mathewes 1985 , Cwynar 1987 , Wainman and Mathewes 1987 ), but our high-resolution macrofossil and charcoal sequences provide important addi- anomaly is from southern British Columbia. Points indicate the temperature anomaly from a 0-2 kyr base period, and the smooth line shows a locally weighted (loess) smoothing in a 600-yr window. The LOI index is the Z score of the first principal component of the loss-on-ignition of sediments from four glacial-fed lakes in southwest British Columbia (from Menounos et al. 2009) . High values correspond to more clastic input and times of glacier advances. The speleothem d
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O record is from Oregon Caves National Monument (Vacco et al. 2005) . The Northeast Pacific sea surface temperature (SST) is inferred from alkenone records from cores near northern California (solid line; Barron et al. 2003) and Vancouver Island (dashed line; Kienast and McKay 2001) . Horizontal shading indicates times of glacial advances described by Heine (1998) tional detail on centennial-scale events and on the ecological drivers of species turnover. In particular, at the broadest scale we detected two major modes of forest dynamics over the past 14 700 years that are associated with different fire regimes and climatic conditions. Before 7 kyr, highly variable climate accompanied by frequent and severe fire drove rapid species turnover. After 7 kyr, relatively low climate variability accompanied by infrequent and lower-severity fire favored slower species turnover. Below we compare Yahoo Lake with regional records of vegetation and climate to support this two-phased forest history and we discuss our two hypotheses about the effects of the fire regime on community dynamics.
Fire-mediated species turnover during the late glacial and early Holocene
Following the initial retreat of the small cirque glacier from the Yahoo Lake basin, the ridge top supported little vegetation and the regional tree cover consisted of scattered Pinus contorta and Tsuga mertensiana. All pollen and lithological indicators suggest sparse vegetation cover. Tree pollen percentages are lower than in modern lakes above treeline in the Olympic Mountains (Gavin et al. 2005) , suggesting that tree pollen at Yahoo Lake was blown in from low-density tree clumps or from distant forests.
The forest that established after 14 kyr was marked by a combination of species that today are abundant at lower elevations (Picea sitchensis), at the same elevation (Abies amabilis) and at higher elevations (Tsuga mertensiana and Alnus viridis). The local co-occurrence of these species suggests a cool maritime climate similar to that of southeastern Alaska where Picea sitchensis and Tsuga mertensiana co-occur today. The steep slopes and variable aspects in the Yahoo Lake watershed would contribute to strong spatial segregation of major disturbances, with snow slides on the steepest slopes and infrequent fires on south-facing slopes (only two local fires were detected between 14 and 12.9 kyr).
During the YDC (12.9-11.6 kyr), cold and dry conditions resulted in lower forest density. The high influx of inorganic sediment to the lake may have been the result of lower aquatic productivity in combination with forest dieback (indicated by reduced pollen accumulation rates) that was enhanced by fire early during the YDC. The rapid warming following the YDC resulted in an immediate ecosystem response marked by increased organic soil, fire and aquatic productivity, as recorded by increased LOI, charcoal, pollen accumulation rates, and the return of macrofossils of Tsuga mertensiana and Abies amabilis (Fig. 5) . However, compositional change in the local forest did not occur until ca. 300 years later (11.2 kyr) when one or more fires abruptly replaced the cool-adapted and fire sensitive taxa (Tsuga mertensiana and Abies amabilis) by the relatively drought-tolerant and fire-adapted Pseudotsuga. Pseudotsuga had already increased on the landscape as evidenced by the increase of its pollen in the record prior to appearance of macrofossils. This sequence of events is a clear example of inertia of old forests to climate change compared to the rapid vegetation changes possible following both climate change and disturbance.
The early-Holocene Pseudotsuga forest was marked by frequent fire as well as by other post-fire colonizers and sprouters (Alnus rubra and Pteridium), but this community did not dominate continuously through the early Holocene. A large fire at 10.8 kyr resulted in a switch in the local forest from Pseudotsuga to Picea sitchensis, which remained through an approximately 800-year period of moderated temperatures and increased moisture with little fire (Fig. 6 ). This post-fire conversion to Picea sitchensis is surprising considering that Pseudotsuga is an aggressive colonizer after fire in most places in the region. We suggest a climate existed in which Pseudotsuga was disadvantaged relative to Picea sitchensis after fire, resulting in a successional pathway that is rare on the landscape today. At ;10 kyr, another fire was followed by more Pseudotsuga. We suggest that these disturbances and forest dynamics were not uniform within the small Yahoo Lake basin. For example, Tsuga heterophylla, which remained in the macrofossil record, probably survived this period on moist north-facing slopes and Picea sitchensis occurred primarily along the moist lakeshore after its populations decreased after ;10 kyr.
The peak of the early-Holocene fire activity from 10 to 9.3 kyr is marked by trace amounts of Arceuthobium (dwarf mistletoe) pollen. Arceuthobium pollen most likely represents A. tsugense, a parasite of Tsuga heterophylla, rather than A. douglasii, a parasite of Pseudotsuga, which is not currently native to western Washington. Fire likely reduced the frequency of firesensitive Tsuga heterophylla, favoring the dispersal of A. tsugense to surviving trees in partially opened stands (Muir et al. 2007 ). Thus, we suggest that the earlyHolocene fires were not high severity (stand-replacing) over broad areas, but rather a mosaic of lower-severity fires that promoted the growth and dispersal of A. tsugense populations onto neighboring trees and saplings. Other tree species, such as Picea sitchensis, may have benefited from the reduced growth of infected Tsuga heterophylla, especially during longer fire-free periods. Variable fire severity may have also favored Pteridium, which is common after low-severity fire in Pseudotsuga forests (Agee 1993) , and Alnus rubra, which grows abundantly in patches of high-severity fire where it aggressively competes with Pseudotsuga (Kennedy and Spies 2005) .
Old growth late-successional forests of the middle and late Holocene
The slow turnover rate of the mid and late Holocene is typical of old-growth forests dominated by shadetolerant species. The longest fire-free intervals, over 1000 years in length, occurred between 6.5 and 2.5 kyr. However, the fire-free intervals at any one point may be significantly longer than 1000 years because the charcoal-inferred fire history is an aggregate of all fires within a few hundred meters of the lake (Gavin et al. 2003b) . Similarly long fire-free intervals were found from soil charcoal dates on western Vancouver Island (Gavin et al. 2003a) .
The large increase in macrofossil influx at 4.5 kyr was composed of modern forest dominants (Thuja plicata, Abies amabilis, and Tsuga heterophylla). Rather than indicating increased tree abundance, this increase may reflect macrofossil input from thick soil duff layers that began to accumulate in response to reduced soil respiration under a cooler and wetter climate (Hallett et al. 2003) . Other pollen records indicate an increase in Cupressaceae pollen, interpreted to indicate cooler and wetter conditions at ca. 5.3 kyr on Orcas Island northeast of the Olympic Peninsula (Sugimura et al. 2008) and from 6.4 to 5 kyr on western Vancouver Island Hebda 2002, Brown et al. 2008) . Increased summer precipitation would favor Thuja plicata, which has maximum growth at mid elevations with high growing season precipitation, such as at Yahoo Lake (Harrington and Gould 2010) . Unfortunately, Cupressaceae pollen does not show a clear trend at Yahoo Lake, consistent with calibration studies that show poor correspondence between Cupressaceae (Thuja) pollen and Thuja plicata abundance in regional forests (Gavin et al. 2005) .
The increased fire at ;2.5 kyr may be explained by a combination of climate changes and possible increased anthropogenic ignitions. Evidence in support of a climatic cause is that this period is synchronous with similar fire increases at remote sites (Hallett et al. 2003 , Prichard et al. 2009 ) and that this period occurs between glacial advances (Menounos et al. 2009 ). A warming trend at 2.6 kyr recorded on Orcas Island and in central British Columbia may have set up conditions for increased fire (Sugimura et al. 2008 , Gavin et al. 2011 . However, other proxies such as chironomid temperature reconstructions do not record an increase in temperature (Fig. 6) . Evidence in support of anthropogenic fire at this time comes from studies of meadows in forested landscapes. A period of cultural intensification and increased resource management began at roughly 2.4 kyr in southwest British Columbia (Lepofsky et al. 2005) , and corresponds to increased fire in lowland prairies on Whidbey Island east of the Olympic Peninsula (Weiser and Lepofsky 2009 ) and at Ozette Prairie on the west coast of the Olympic Peninsula (Gutchwesky 2004) . We note that the overall lack of fire during the last 800 years is consistent with dominance of late-successional species and the absence of fire scars and charred bark near the lake, and the widespread oldgrowth structure of presettlement forests of the western Olympic Peninsula in general.
Fire and climate controls of forest community change
Our two hypotheses provide a useful framework for viewing the ecological aspects of fire and climate controls on vegetation change. The detailed Yahoo Lake record, with abundant macrofossils and highresolution charcoal stratigraphy, provides supporting evidence for each hypothesis.
We found evidence for our first hypothesis of alternate stable states in successional state across a range of disturbance. Late-successional species dominated during periods of very long fire intervals (.400 yr), but a broad range of successional stages, ranging from 10% to 100% late-successional species characterized time periods marked by intervals of 200-500 yr (Fig. 7A) . The optimally fit segmented regression suggests an abrupt change between early-and latesuccessional dominance, but the location of this breakpoint is not well constrained (dashed line in Fig. 7A ). This result is consistent with the existence of inertial lags and alternate stable states for a given disturbance regime due to positive feedbacks between the disturbance regime and vegetation. In addition, insight into the existence of alternate stable states is provided by specific instances of vegetation responses to fire. For example, in the early Holocene, the pollen record indicates that Pseudotsuga was increasing in regional vegetation but the macrofossil records shows that it was probably rare in the local forest near Yahoo for several centuries until a major fire opened space for it to invade. Positive feedbacks and community inertia also operated in the late Holocene, when an increase in fire at 2.5 kyr was not followed by increased early-successional species. In addition, recently burned areas in the western Olympic Mountains are rapidly restocked by shade-tolerant species (Huff 1995) . Such inertia in vegetation change has been widely observed in other stand-scale paleoecological studies (Davis et al. 1998 , Bjo¨rkman 1999 and is expected in communities dominated by shade-tolerant and long-lived individuals (Lertzman 1995) .
Our first hypothesis also stated that at larger (landscape) spatial scales alternate stable states would be less evident due to spatial averaging of many disturbance patches. Indeed, the percentage of latesuccessional species determined from the pollen record varied linearly with increasing total charcoal influx, which represents landscape fire activity (Fig. 7B) . This is consistent with species composition on landscapes remaining in closer equilibrium with the disturbance regime than species composition in individual stands, a common prediction from the shifting-mosaic steadystate model (Bormann and Likens 1979) and landscape simulation models (Turner et al. 1993) .
In addition, the charcoal record also suggests the susceptibility of forest stands to disturbance may have been the mechanism promoting long-term stability of late-successional communities. The trend in charcoal was bimodally distributed and thus consistent with the area being in either a long-term fire-prone or fire-resistant state (Fig. 7B) . Recent theory in fire-vegetation interactions states that the development of dense forest structure with shaded and moist fuels would decrease the probability of fire spread and therefore promote a positive feedback via fire-resistant vegetation (Odion et al. 2010 , Kitzberger et al. 2012 . Similarly, open vegetation structures in recently burned stands may be more likely to support a reburn that would have major consequences for successional trajectories (Agee 1993) . While our sampling resolution could not detect reburn intervals of ,60 years, we note that several fire periods in the early Holocene may have been occurring in forests that had not yet fully closed from the previous fire.
Our second hypothesis was also supported because species turnover showed a distinct breakpoint as a function of fire activity at the local scale, but showed a linear relation with fire activity at the landscape scale. At the local scale, only fire intervals less than 300-yr resulted in consistently high species turnover (Fig. 7C) . Such fire intervals, approximately the length of time to develop old-growth structure, would have caused great turnover between early and late-successional species. Fire was rarely sufficiently frequent to achieve a stable community dominated exclusively by disturbanceadapted species (indicated by dashed line in Fig. 1C) , such as could occur in pine-dominated forests (Minckley et al. 2012) , though the fitted segment was sensitive to a lower rate-of-change for the shortest fire intervals. At the landscape scale, the more continuous increase in species turnover with increasing fire activity is consistent with greater equilibrium at larger landscape scales than at stand scales, as noted for the first hypothesis.
Climatic variability provides insight into the unexplained variance in the fire-vegetation relationships (Fig. 7) . Specifically, we found evidence that increased climatic variability disrupted the positive feedback that maintains community inertia. The 14-7 kyr period is marked by many abrupt climatic changes (see Fig. 6 ), which would have interacted with the disturbance regime to redirect successional pathways. Consistent with the general view of the individualistic responses of species to climate change, increasingly greater climate changes should have impacted a progressively larger number of species ). Such interactions may have caused the observed increased rates of change at higher fire activity and contributed to the variance in community rate-of-change at the landscape scale at 12 to 7 kyr (Fig. 7D) . In contrast, the increase in fire at 2.5 kyr was not accompanied by large climatic fluctuations that would alter the successional pathways, and the local forests remained dominated by shadetolerant taxa.
Our results show that detailed paleoecological studies continue to inform on the dynamics of forests and their response to fire and climate change. The Yahoo Lake record revealed two spatial scales of vegetation and fire history whose interpretation was enhanced by a regional climate synthesis, but room exists for improvement in data collection and analysis. Our macrofossil record was not continuous and would have benefited from a larger volume of sieved sediment taken from large-diameter piston cores. Our single-site approach was not optimal to describe fire at the spatial scale sensed by pollen (e.g., tens of square kilometers). Ideally, many records from a region should be averaged for describing both fire (Marlon et al. 2013 ) and vegetation (Sugita et al. 2010) at the landscape scale. Multiple records may also be combined in order to more fully encompass a wider range of disturbance regimes within a single climatic period, as done in a study of threshold responses in a savanna-woodland ecosystem (Gillson and Ekblom 2009) . We also did not formally include paleoclimate in our analysis. The simple statistical models used in this study (Fig. 1) could be expanded to a multivariate form in which climate and fire explicitly interact to predict community composition and turnover.
IMPLICATIONS FOR FUTURE FOREST DYNAMICS
During the past 14 700 years, the western Olympic Peninsula experienced multiple vegetation changes that can be generalized into two phases of forest dynamics. Before 7 kyr, during a period of high climate variability, fire was associated with nearly every major vegetation change. Although the highly dynamic forest composition suggests low resilience to frequent disturbance, disturbance was never frequent enough to stabilize community composition. Rather, we found that multiple centennial-scale climate changes altered successional pathways, which caused rapid species turnover associated with fire events. After 7 kyr, during a period of slower climate change and infrequent fire, forests remained dominated by shade-tolerant taxa. Our results support a positive-feedback in the late-Holocene moist forests, in which fire is excluded due to fire-resistant vegetation structures (i.e., dense canopies and shaded understories).
The nature of the linked dynamics of fire, forest vegetation and climate over the past 14 000 years may provide general analogs for the forest dynamics under anticipated climate changes on the western Olympic Peninsula. Two ocean-atmosphere general circulation models (CGCM3 and HADGEM1) run under the greenhouse gas scenario of .600 ppm CO 2 by the year 2080 are projecting a 3-58C increase in DecemberFebruary mean temperature, a ;48C increase in JuneAugust temperature, and a 15-40% decrease in summer precipitation in an area including Yahoo Lake (Wang et al. 2012) . Such a summer climate appears to be close to the warm and dry periods of the early Holocene at 10 kyr, as inferred from the chironomid temperature reconstruction. A rapid reversion of the forest to the early Holocene state would be dramatic. However, such a compositional shift will require the occurrence of large fires to overcome strong neighborhood effects on species composition. One should note, however, that outside of the Olympic National Park the landscape is dramatically altered by clear-cut harvesting and replanting, which has greatly increased the importance of Pseudotsuga on the landscape. Thus, considering the regional abundance of Pseudotsuga that reach reproductive age before harvesting, there is now a seed source of this disturbanceadapted species that was absent prior to logging and replanting. Therefore, this altered landscape context may reduce the inertial lags of future forest compositional change compared to that observed during the early Holocene. 
